To establish a marker-assisted selection system for the eating quality of cooked rice, we performed quantitative trait locus (QTL) analysis using 188 recombinant inbred lines (RILs) derived from crosses of two japonica cultivars, 'Sakihikari' and 'Nipponbare'. The former has excellent eating quality with strong stickiness whereas the latter is less sticky. We evaluated the stickiness of cooked rice using a sensory test, as well as amylose content (AC), amylographic characteristics (AM), and days-to-heading of RILs, which affect stickiness, in 2005, 2006 and 2007, and used them for QTL analysis. Six QTLs for stickiness were identified on chromosomes 1, 3 (two QTLs), 6, 7 and 8. Of these, qST3-1 on the short arm of chromosome 3 was detected throughout the three-year experiments but the others were detected in one year only. We also mapped two QTLs for AC, 19 QTLs for AM, and three QTLs for days-to-heading. Stickiness of RILs was significantly correlated with AM, and several QTLs for AM were detected in the same QTL regions for stickiness. These results thus suggested that AM was important for the stickiness of RILs. The obtained QTL information is useful to identify DNA markers tightly linked to genes controlling eating quality.
Introduction
In rice-breeding programs in Japan, improving eating quality of cooked rice has been one of the most important objectives. The selection of better eating quality is conventionally conducted by a sensory test. Since the test needs at least several hundred grams of polished grains, it is difficult to begin with early generations of hybrid populations. Therefore, amylose content (AC), protein content, and amylographic characteristics (AM) of polished rice have been adopted to support the selection of better eating quality in early generations. However, these chemical properties are still supplementary measurements and sometimes they do not agree with the evaluation results of eating quality by sensory tests. Thus, it has been expected to develop an indirect selection system for assessing eating quality, such as marker-assisted selection (MAS). Eating quality is also influenced by environmental factors, such as the air temperature during the ripening period (Nishimura et al. 1985) and the nitrogen level of the soil (Ishima et al. 1974) . The MAS system makes it possible to exclude the effects of such environmental conditions on eating quality and is useful to start selection in early generations. To adopt MAS to select better eating quality, it is necessary to identify QTLs that control this quality and select DNA markers tightly linked to them.
We previously detected quantitative trait loci (QTL) for stickiness of cooked rice on chromosomes 1, 2, 3 and 6, using doubled haploid lines derived from crosses of two japonica cultivars, 'Koshihikari' and 'Akihikari' (Tanaka et al. 2006 ). Then we verified the effect of QTL for stickiness detected on the long arm of chromosome 2 using near-isogenic lines. (Kobayashi et al. 2008) . The result that the stickiness of these lines was significantly stronger than that of Akihikari but significantly weaker than that of Koshihikari, indicated that MAS using only this QTL is not enough to select promising lines with stickiness as strong as Koshihikari. Of course, eating quality is a complex trait controlled by several genes.
Therefore, we performed QTL analysis for eating quality using another recombinant inbred lines (RIL) population derived from crosses of two japonica rice cultivars, 'Sakihikari' and 'Nipponbare' in this study. Recently several new cultivars with better eating quality than Koshihikari have been released, of which Sakihikari is one. Figure 1 shows the genealogy of Sakihikari. This has inherited excellent eating quality from Koshihikari characterized by strong stickiness (Horiuchi et al. 2004) . We also measured AC and AM of polished grains relating to stickiness to support the evaluation of stickiness for use in QTL analysis.
method from crosses of Sakihikari and Nipponbare. The former has excellent eating quality with strong stickiness whereas the latter is less sticky. RILs and the parental cultivars were cultivated in a paddy field at . Fifty hills were raised per line with one replication. The parental cultivars were cultivated with 10 replications. Days-toheading (DH), which sometimes affects eating quality, was calculated as days from transplanting to heading.
Evaluation of stickiness of cooked rice by sensory test
Rice grains were prepared and cooked as described in Kobayashi et al. (2008) . The stickiness of cooked rice was evaluated by a sensory test after cooling at 15°C for 4 hours with three replications per line by four judges (3 males and a female), who had been trained to distinguish differences in stickiness. The age of the judges ranged between 34 and 48 years. The stickiness of Koshihikari was used as the standard (0). The stickiness scores were −2 (much less sticky than Koshihikari), −1 (less sticky than Koshihikari), +1 (stickier than Koshihikari), and +2 (much stickier than Koshihikari).
Measurement of AC and AM
Polished grains were crushed with a test mill (Blabender, Duisburg, Germany) and sieved through 0.15-mm mesh. AC was determined with an Auto Analyzer II (Bran + Luebbe, Norderstedt, Germany) with three replications per line. AM was evaluated using a Rapid Visco Analyzer (Newport Scientific, NSW, Australia) by determining peak viscosity (PV), hot-paste viscosity (HP), breakdown viscosity (BD, difference between PV and HP), cool-paste viscosity (CP), and consistency viscosity (CO, difference between CP and HP) as described in Kuo et al. (2001) . AM was measured with two replications per line.
Marker and statistical analyses
Total DNA was extracted from leaves by the cetyl trimethylammonium bromide (CTAB) method (Murray and Thompson 1980) . For simple sequence repeat (SSR) analysis to construct a linkage map, PCR was performed as described in Kobayashi et al. (2007) .
It is well known that Wx is the major gene affecting eating quality (Juliano 1971 , Sato et al. 2002 , Suzuki et al. 2003 . Allelic variation of a (CT) repeats region of the Wx gene among rice cultivars has been reported (Bligh et al. 1995) . Based on sequence data of the Wx gene, we designed unique primer pairs using Oligo 5.0 (National Bioscience, MN, USA) to obtain specific amplicons of a (CT) repeat region. Two primers, wxCT-U (5′-TTG CAG ATG TTC TTC CTG ATG-3′) and wxCT-L (5′-CTT TGT CTA TCT CAA GAC AC-3′) were used to amplify the specific DNA fragment. Genomic DNA of each line was PCR amplified with the primer pair wxCT, and the product was labeled with fluorescence-labeled dUTP, including R6G-dUTP and R110-dUTP (Applied Biosystems Division/Perkin-Elmer, CA, USA). The number of (CT) repeats of the Wx gene of each line was determined using an ABI3700 capillary sequencer (Applied Biosystems Division/Perkin-Elmer, CA, USA).
A linkage map was constructed using 113 SSR markers distributed among the 12 rice chromosomes (Temnykh et al. 2001 , McCouch et al. 2002 and wxCT repeats with MAPMAKER/EXP 3.0 (Lander et al. 1987) .
We performed QTL analysis for the stickiness of cooked rice, AC, AM and DH by composite interval mapping using Windows QTL Cartographer 2.5 (Wang et al. 2007) with the forward regression model (model 6). To control the genetic background, 5 markers and 10 cM window size were used. The significance level of the experiment-wise LOD threshold was determined by computing 1000 permutations. LOD peaks at significant QTL intervals were considered as putative QTL locations on the linkage map. The percentage of phenotypic variation explained by a QTL for traits and the additive effect were also estimated using the software.
Results

Phenotypic and wxCT variations in parental cultivars and RILs
Phenotypic variations for the stickiness of cooked rice, AC, AM and DH of RILs and the parental cultivars are shown in Table 1 . Between Sakihikari and Nipponbare, stickiness, AC, HP, CP and CO were significantly different throughout the three-year experiments. The overall averages of stickiness scores of Sakihikari and Nipponbare were 0.08 and −1.44, respectively. In contrast, differences in the overall average of PV, BD and DH between Sakihikari and Nipponbare were not significant.
Frequency distributions of RILs for stickiness, AC and CO are shown in Figure 2 . These three characters, stickiness, AC and CO of RILs exhibited transgressive segregation in all years. Frequency distributions for the other traits showed also almost normal distribution (data not shown). Differences 
Correlation analysis
Correlation coefficients between stickiness and AC, stickiness and AM, and stickiness and DH, are shown in Table 2 . In 2005, stickiness was negatively and significantly correlated to PV. In 2006 and 2007, stickiness was negatively and significantly correlated to HP, CP and CO, and positively and significantly correlated to DH. In all years, stickiness and AC, stickiness and BD were not significantly correlated.
QTL identification
QTL analysis revealed the presence of QTLs associated with stickiness, AC, AM and DH (Table 3 and Fig. 3 ). The computed significant threshold values (P < 0.05) ranged from 3.09 to 6.02.
For stickiness, six QTLs (qST1, qST3-1, qST3-2, qST6, qST7 and qST8) were identified on chromosomes 1, 3, 6, 7 and 8. For all QTLs, the Sakihikari allele increased stickiness. qST3-1 was detected throughout the three-year experiments, and mapped near the SSR marker RM4108 on the terminal region of the short arm of chromosome 3. The percentage of total phenotypic variance explained by the QTL (r 2 ) ranged from 6.2% to 20.9%. Other QTLs were detected in one year and mapped on chromosomes 1, 3, 6, 7 and 8, and their r 2 ranged from 7.7% to 16.6%. No QTL for stickiness was detected on chromosome 2, where we previously identified the QTL for stickiness (Tanaka et al. 2006) .
For AC, 2 QTLs (qAC1 and qAC2) were identified on chromosomes 1 and 2. qAC1 was detected in 2005 and 2006, and qAC2 was detected in 2006 only. At these QTLs, Sakihikari allele decreased AC, and the r 2 ranged from 9.0% to 16.6%.
For AM, a total of 19 QTLs in 9 chromosomal regions were identified. Among them, QTLs for PV, BD and CO on chromosome 1, QTLs for HP on chromosome 3, and QTLs for CP and CO on chromosome 6 were detected throughout the three-year experiments. On the long arm of chromosome 1, qPV1, qBD1 and qCO1 were detected in 3 years. At these QTLs, Sakihikari allele decreased PV, BD and CO. On the terminal region of the short arm of chromosome 3, qHP3 was detected in 3 years, and qCP3 was detected in two years and qCO3-1 and qBD3 were detected in 2005. At these QTLs, Sakihikari allele increased HP, CP and CO, and decreased BD. On the short arm of chromosome 6, qCP6 and qCO6 were detected in 3 years, and qPV6 and qHP6 were detected in 2 years. At these QTLs, Sakihikari allele decreased PV, HP, CP and CO. Other QTLs for AM were as follows: two QTLs for PV were detected on chromosomes 7 and 8, one QTL for BD on chromosome 8, two QTLs for CP on chromosomes 4 and 12, and three QTLs for CO on For DH, three QTLs were identified on chromosomes 1, 6 and 8. Among them, 2 QTLs (qDH6 and qDH8) were detected throughout the three-year experiments. qDH6 was mapped near wxCT on chromosome 6. At this QTL, the Sakihikari allele increased DH, and the r 2 was very high and ranged from 39.8% to 50.8%. qDH8 was mapped on the short arm of chromosome 8. At this QTL, the Sakihikari allele decreased DH, and the r 2 values ranged from 21.5% to 26.4%. qDH1 was detected in 2005 and at this QTL, the Sakihikari allele decreased DH. Table 1 . b Significance: * P < 0.05, ** P < 0.01.
Discussion
The evaluation of eating quality of cooked rice relies on several characteristics, such as the external appearance, taste, aroma, stickiness, hardness, and overall evaluation in the standard sensory test (Fukui and Kobayashi 1996) . Oosato et al. (1998) evaluated the reliability of the sensory test and reported that overall evaluation and stickiness showed the most significant difference in cultivars but less significant for external appearance, taste, and hardness. Takano (1997) reported that eating quality of rice can be evaluated from two factors: physical factors those are responses of the sense of touch such as stickiness and hardness, and chemical factors those are responses of the sense of smell and taste such as taste and aroma, and that the proportion of physical factors in evaluation of eating quality of cooked rice was much higher than that of chemical factors. On these bases, stickiness was judged to be the most reproducible and distinct element for assessing eating quality, and was chosen as a primary criterion for eating quality in this study.
Several studies using indica/japonica hybrid populations have identified QTLs for stickiness of cooked rice evaluated by sensory tests. Takeuchi et al. (2007) identified QTLs for stickiness on chromosomes 3 and 6 using backcross inbred lines derived from crosses of Koshihikari and 'Kasalath' (an indica cultivar). Ogata et al. (1996) identified QTLs for stickiness on chromosomes 2, 5 and 12 using RILs derived from crosses of 'Asominori' (a japonica cultivar) and 'IR24' (an indica cultivar). Wan et al. (2004) also identified QTLs for viscosity estimated by chewing on chromosomes 4 and 6 using the same RILs. Otsuki et al. (1997) identified QTL for stickiness on chromosome 6 using RILs derived from crosses of Akihikari and 'Milayang 23' (an indica cultivar). In contrast, few studies have identified QTLs for the stickiness of cooked rice using japonica/japonica hybrid populations. We previously identified QTLs for stickiness on chromosomes 1, 2, 3 and 6 (Tanaka et al. 2006) , and Wada et al. (2007) detected QTLs for stickiness on chromosomes 1, 3, 6 and 12 using RILs derived from crosses of Koshihikari and 'Moritawase' (a japonica cultivar). In the present experiment using RILs derived from crosses of two japonica cultivars, Sakihikari and Nipponbare, we detected six QTLs for stickiness. Among them, qST3-1 was detected throughout the three-year experiment and mapped near RM4108 on the terminal region of the short arm of chromosome 3. Also, Wada et al. (2007) and Takeuchi et al. (2007) detected QTL for stickiness near RM4108. That is, QTLs for stickiness were commonly detected at this region in these different populations using Koshihikari. Therefore the region of qST3-1 is considered to be one of the most promising locus in which gene(s) controlling eating quality of Koshihikari characterized by strong stickiness is(are) located. Yet direct comparison among these results may be difficult because Takeuchi et al. (2007) used an indica cultivar as another parent and we used Sakihikari, a grandchild of Koshihikari, although Sakihikari and Koshihikari had the same allele at RM4108 (data not shown).
The additive effect of the Sakihikari allele at RM4108 Fig. 3 . Sakihikari × Nipponbare linkage map and putative QTLs detected in RILs for stickiness of cooked rice, amylose content, amylographic characteristics, and days-to-heading. Symbols indicate the peak of LOD. ST stickiness; AC amylose content; PV peak viscosity; HP hot-paste viscosity; BD breakdown viscosity; CP cool-paste viscosity; CO consistency viscosity; DH days-to-heading.
was computed to the range from 0.2 to 0.3. Thus, changes in this allele from homozygous of the Nipponbare allele to homozygous of the Sakihikari allele will increase the stickiness score about 0.5, within the stickiness score range of −1.44 to 0.08, for Nipponbare and Sakihikari, respectively. The allele effect of qST3-1 should be verified using near-isogenic lines. qST6 was mapped near wxCT. It is highly likely that this region includes important genes for good eating quality because other several studies also have identified QTLs for eating quality near this region (Takeuchi et al. 2007 , Li et al. 2003 , Wan et al. 2004 , Otsuki et al. 1997 . Additional analysis will be needed to clarify whether the qST6 and the QTL for stickiness detected previous and other studies were resulted from the same gene or from tight linkage of different loci.
The result that other QTLs for stickiness were detected in only one year suggests that they are affected by environmental conditions. qST1 was detected near RM1003 on the long arm of chromosome 1. Near this QTL, QTLs for AC and AM (qPV1, qBD1, qCO1) were also detected. Wada et al. (2007) also detected QTL for stickiness near RM8133 on chromosome 1. However, information on the physical map positions of the markers indicates that qST1 does not coincide with that the QTL detected by Wada et al. (2007) . qST3-2, qST7 and qST8 were detected near RM8208 on the long arm of chromosome 3, near RM5847 on chromosome 7 and near RM3572 on the terminal region of the short arm of chromosome 8, respectively. Near these regions, no QTL for stickiness has been identified, suggesting that these QTL regions contain the novel genes that control stickiness.
We previously identified QTLs for stickiness on chromosomes 1, 2, 3 and 6 (Tanaka et al. 2006) . Among them, the Koshihikari allele decreased stickiness at QTLs on chromosomes 1 and 3; therefore, these QTLs are not considered to relate to the strong stickiness of Koshihikari. In contrast, the Koshihikari allele increased stickiness at QTLs on chromosomes 2 and 6. In this study however, no QTL for stickiness was detected on chromosome 2. We previously identified the candidate genomic region of the QTL affecting stickiness as two small regions on the long arm of chromosome 2 (Kobayashi et al. 2008) . According to analysis of the genotypes in these regions, both Sakihikari and Nipponbare showed the same alleles (data not shown). Thus, the lack of polymorphic markers in the QTL region on chromosome 2 is one of the possible reasons why no QTL for stickiness was detected in this study.
In general, AC is negatively correlated with stickiness (Inatsu 1988) and lower AC has been used to improve eating quality of rice (Sato et al. 2002) . Also, low AC is a unique characteristic of Sakihikari, and its averaged AC was about 5% lower than that of Nipponbare. On the other hand, Han et al. (2004) suggested that stickiness was controlled not only by AC but also by other chemical properties, such as the amylopectin structure. Thus, we measured AM, which reflects the characteristics of amylopectin structure indirectly, to support the evaluation of the stickiness. In this study, QTLs for both AC and AM were identified near qST1. In contrast, qST3-1, qST6 and qST8 coincided with QTLs for AM but not coincide with those for AC, and QTL for AC nor AM were not detected near qST3-2 and qST7. In addition, stickiness of RILs was significantly correlated with AM throughout the three-year experiments as shown in Table 2 . These results suggested that not only AC but also the characteristics of the amylopectin structure were also important for the stickiness of RILs.
For example, near qST8 detected in 2006, QTLs for AM (qPV8, qBD8 and qCO8) were also detected in the same year. At these QTLs, the Sakihikari allele increased stickiness, PV and BD, and decreased CO; and stickiness in 2006 negatively and significantly correlated to CO. Okadome (1996) noted that small CO relates to the difficulty of gelatinized starch to harden when it is re-cooled. Since we evaluated the stickiness after cooling, strong stickiness can be related to small CO. Further research about these mechanisms is needed.
Near qST3-1, qHP3 was detected in all three years, and qBD3, qCP3 and qCO3-1 were detected in one or two years. At these QTLs, the Sakihikari allele increased stickiness, HP, CP, and CO, and decreased BD. Sakihikari is characterized by strong stickiness, high HP, low CP and small CO. The effect of HP on stickiness was most important at this QTL because its LOD and r 2 value were the highest. HP and CP, and HP and CO were positively and significantly correlated (data not shown), thus it is highly probable that high HP brought about increase in CP and CO. Additional analysis will be needed to clearly explain the relationship between high HP and strong stickiness.
QTLs for DH were detected near qST8. In addition, stickiness in 2006 and 2007 was positively correlated with DH. Temperature during the ripening period affects AC (Asaoka et al. 1985) and amylopectin structure (Asaoka et al. 1985 , Jiang et al. 2003 , Yamakawa et al. 2007 . Because the difference in temperature during ripening period among RILs was from 1.5°C to 3.0°C, the effects of DH on the stickiness of RILs can not be ignored. Because Sakihikari and Nipponbare had the same maturity but their stickiness was significantly different, additional analysis will be needed to investigate the effects of DH on stickiness by developing near-isogenic lines.
In this study, six QTL regions associated with good eating quality of cooked rice characterized strong stickiness as Koshihikari were identified. These QTLs, combined with the QTL for stickiness on chromosome 2 verified previously, can be useful for selection of better eating quality in rice breeding. The effects of QTLs have to be verified by developing near-isogenic lines. Also, DNA markers tightly linked to the QTLs have to be selected to develop MAS system for selection of eating quality.
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